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INTRODUCTION

Breast cancer is now the most common disease for which high-dose chemotherapy and
autologous bone marrow transplantation is performed in the United States, surpassing non-
Hodgkin's and Hodgkin's disease as an indication. Increasingly, this therapeutic modality is
being used earlier in the disease, particularly in the high-risk adjuvant setting. During the
past decade, dose intensification has been a recurrent theme in the attempt to devise new
clinical approaches to various neoplasms, particularly the solid tumors such as breast (1,2).
Whereas adjuvant chemotherapy has been demonstrated to produce modest but consistent
improvement in long-term disease-free and overall survival, in patients with primary breast
cancer (3), these improvements are achieved with chemotherapy programs that are not
curative in metastatic disease. Further, there is increasing evidence both from retrospective
analyses (4) and from prospective randomized clinical trials that dose intensification is
sometimes associated with superior outcomes in metastatic (5-7) and primary breast cancer
(8). The concept of high-dose chemotherapy with autologous bone marrow (BM) support was
initially developed to circumvent the problem of chemotherapy dose related
myelosuppression. The use of autologous marrow allows intensification of chemotherapy
doses so that the maximal tolerated dose of a chemotherapeutic regimen is determined not by
extent of myelosuppression but rather by effects on the patient's nonhematopoietic organs.
However, autologous bone marrow transplantation has its limitations. Despite the use of
autologous BM, high-dose chemotherapy is still associated with prolonged periods of
myelosuppression during which time the patient is highly susceptible to a variety of bacterial
and fungal processes (9). Recently, recombinant colony stimulating factors [CSF] (10-12),
particularly when coupled with CSF-ptimed peripheral blood progenitor cells (13), have
enabled a reduction in the duration of severe leukopenia and in the morbidity associated with
bone marrow transplantation. However, these colony stimulating factors have not been as
effective in ameliorating the therapy related thrombocytopenia and subsequent requirement for
platelet transfusions (13). Phase I clinical trials are currently in progress using IL-11 to
stimulate megakaryocyte differentiation, however a possible side effect of this therapy is
known to be anemia. Consequently, considerable effort is continuously being expended to
develop therapeutic strategies employing new agents and/or combinations of cytokines which
will have the capability of not only further eradicating the neutropenia but also the
thrombocytopenia associated with high-dose chemotherapy.

Over the past several years, our laboratory has focused on the biological mechanism(s)
underlying the myeloproliferative properties of swainsonine, an indolizidine alkaloid which
has been reported by our laboratory and others to mediate varied biological effects including
the inhibition of tumor growth (14,15) and metastasis (16-19). Most exciting are the recent
findings which demonstrate that swainsonine mediates an array of immunomodulatory
activities including the augmentation of cytotoxicity by natural killer (13,20) and lymphokine-
activated killer cells against allogeneic (21-23) and autologous tumor cells (24). In further
studies, we have demonstrated that swainsonine stimulates macrophage tumoricidal activity
and the stimulation of tumoricidal activity is associated with increased secretion of
interleukin-1 and expression of Class IT major histocompatibility antigen (25). Swainsonine's
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ability to activate these cytotoxic effector cells are suggestive of its potential as a cancer
therapeutic agent.

Swainsonine was felt to be a logical candidate of exogenous stimulation of bone
marrow proliferation because of its ability to elicit endogenous production of IL-1 (25), IL-2
(26), tumor necrosis factor (27) and possibly other polypeptides that regulate growth and
differentiation. We have shown that systemically administered swainsonine promotes the
proliferation of murine bone marrow cells in vivo, as measured by increase in bone marrow
cellularity, engraftment efficiency and colony forming unit activity. Bone marrow cells from
swainsonine-treated animals also exhibited an increase in [*H]-thymidine incorporation,
suggesting that a larger fraction of the cells were in the S-phase of the cell cycle (28).
Similar findings have been reported for swainsonine stimulated murine (29) and human (30)
lymphocytes. As expected, in a non-tumor bearing murine model, swainsonine proved to be
highly efficacious in preventing the bone marrow toxicity associated with the intravenous
administration of high doses of chemotherapeutic agents commonly used to treat human
tumors [e.g. methotrexate, 5-fluorouracil, cyclophosphamide, and doxorubicin] (31). The
protective effect could also be demonstrated with both murine and human bone marrow cells
exposed to 3'-azido-3'deoxythymidine under in vitro culture conditions (27,32). Interestingly, a
Phase I clinical trial in Canada suggests that swainsonine produces minimal toxicity when
administered intravenously to cancer patients at dosages that inhibit both Golgi 'a-
mannosidase II and lysosomal ' -mannosidases. However, more significant toxicity was
observed in patients with hepatic metastasis or liver enzyme abnormalities (31).

The studies cited above demonstrate that swainsonine is a novel immunomodulatory
agent that may have immediate clinical application. The antimetastatic and myeloproliferative
properties of swainsonine, coupled with its ability to stimulate the cytotoxicity of non-specific
immune effector cells, strongly support its potential usefulness in high-dose chemotherapy
programs in humans.

Because breast cancer is such a common disease, the approach of high dose therapy
with bone marrow support is too complicated and expensive to be widely utilized. Unless we
understand the toxicities and develop strategies to minimize them, even the demonstration of
an effective treatment method will unlikely be of major value to a significant number of
patients. The need for the development of modalities of treatment utilizing combinations of
early- and late-acting cytokines which will mimic the "natural maturation process” as well as
the development of new, non-toxic, inexpensive agents which are effective enhancers of
hematopoietic engraftment and ex vivo growth are of high priority. The pre-clinical studies
undertaken in this grant focus on optimizing the therapeutic potential in human cancer of the
agent swainsonine and providing the requisite data supportive of getting swainsonine entered
into clinical trials here in the United States.
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BODY

Methods and Procedures:

Animals: Pathogen-free B6C3F1 female mice, obtained from Charles River Laboratories,
were 18-20 grams when received and allowed to rest for one week before use in experiments.
Mice were maintained in isolation cubicles in filter top cages, according to all institutional
ethical guidelines.

Drugs: Methotrexate (MTX) was obtained from Immunex®, Lederle Parentals, Inc. Carolina,
PR and doxorubicin/adriamycin (ADR) from Pharmacia S.P.A., Milan Italy. Both
chemotherapeutic agents were dispensed by the pharmacy here at Duke University.
Swainsonine was purchased from Toronto Research Chemical, Inc., Toronto, CN.

Determination of LD,,: Groups of 10 female mice were given equal logarithmic-spaced doses
of single-bolus intraperitoneal injections of chemotherapeutic drugs (MTX) and adriamycin
(ADR). The number of deaths was recorded for each drug over an observtion period of 14
days. The median lethal dose (LDs,) was obtained for these two drugs, MTX and ADR, from
semilogarithmic plots of percent death versus dose; the median lethal dose is defined as the
amount of drug resulting in 50% killing within 14 days.

Swainsonine Treatment Protocols: To investigate the ability of swainsonine to abrogate
Jethality following administration of 2-3 cycles of a single bolus LD,, of MTX or ADR,
mice were individually weighed and numbered and the amount of chemotherapy calculated
for each mouse based on kilogram body weight. This was done each time chemotherapy was
administered. We utilized our previously determined schedules for time of initiation and
duration of swainsonine treatment (31). Twice daily intraperitoneal injections (20ug/day) of
swainsonine were initiated on day +2, with administration of a single bolus dose of
methotrexate on day 0. Swainsonine was administered for 10 consecutive days and the
survival of control groups and swainsonine-treated groups was monitored. Since the present
studies, for the first time, involved multiple cycles of chemotherapy drugs, we varied the
interim time (rest period) between cycles of MTX and swainsonine, to determine the optimal
schedule for overall survival. Following a rest period of 7, 10 or 14 days, the cycle of MTX,
day 0, followed by swainsonine on days +2 to +12 was repeated. Whereas the calculation of
the LD, was based on a 14-day end point, survival for experiments was determined based on
a 30-day end point following the last MTX injection. In all of the experiments to be
described, two groups of control animals were used. The first group received twice-daily
intraperitoneal injections of MTX plus isotonic saline (plain vehicle), and the second group
received isotonic saline without therapeutic drug.. Generally, 50% or more of the mice in the
drug treated control group died during the course of the experiment, whereas none of the
animals in the saline-only control group died. All experiments were terminated 30 days
following the last injection of the chemotherapeutic agent.
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Tumors: The murine mammary tumor MC-2 was obtained as a frozen stock tissue culture
from Dr. Jan Vaage of Roswell Park Cancer Institute, Buffalo, NY. Cells were thawed and
maintained in RPMI 1640 tissue culture media, supplemented with 10% fetal bovine serum,
L-glutamine (2mM/ml), penicillin (100U/ml) and streptomycin (100ug/ml), in a 37 C
humidified atmosphere of 5% CO,, 95% air. To determine the ability of these cells to grow
in vivo and the number of cells needed to obtain tumors 0.5-1.0 cm in diameter, MC-2 cells,
which had been expanded in cell culture, were washed once to remove all serum containing
medium, then resuspended in sterile phosphate buffered saline and varied numbers of cells
injected subcutaneously into B6C3F1 female mice weighing 18-20g. Mice were observed
daily to determine the rate and size of tumor growth. Experiments were terminated at 21
days.

Blood Analysis: Samples of blood were obtained by intraorbital bleeding of mice with a
capillary tube. One drop was added to a slide for differential analysis and the complete blood
count (CBC) was done automatically on a System 9000 blood analyzer (Serono-Baker
Diagnostic, Inc, Allentown, PA.). All analysis were performed by the Diagnostic Services
Laboratory of the Duke University Medical Center Vivarium.

Results and Discussion:

LD, determinations: In our laboratory, we had previously determined the LD, for
both methotrexate and adriamycin, however, these experiments were done with different
sources of drugs and most importantly utilized a different strain of mice (C57BL/6) The mice
used in our present studies are B6C3F1, which is the F1 cross of C57BL/6 and C3H. Thus, it
was essential that we determine the LD,, for each drug in these mice. Forty female mice, 8-
12 weeks of age (18-20g) were divided into groups of 10 and were given equal logarithmic-
spaced doses of a single-bolus intraperitoneal injection of either methotrexate (MTX) or
doxorubicin/adriamycin (ADR). Mice were observed twice daily for 14 days and the number
of deaths recorded. The median lethal dose (LD,,) was obtained for these two drugs, MTX
and ADR, from semilogarithmic plots of percent death versus dose; the median lethal dose is
defined as the amount of drug resulting in 50% killing within 14 days. A number of
experiments were performed to obtain the appropriate range of drug to use to determine the
LD,, Initially we observed significant variation from experiment to experiment relative to
effective doses, however when we changed vendors for the source of our mice the results
stabilized somewhat. In several experiments we ended up with only two points to determine
our LD,,. We consulted with the head of the Phamacology Monitoring Lab in our Bone
Marrow Transplant Program and was advised that our results for MTX were not uncommon
and duplicates were within the range of experimental error for the agent. Figures 1 and 2
illustrate representative experiments for determining the LDy, for MTX and ADR. In Table I
we have summarized our data which indicates that the calculated LD;, doses for MTX and
ADR are 1965mg/kg and 34.25mg/kg respectively.

Chemoprotective effects of swainsonine in mice receiving multiple cycles of
methotrexate: In previous experiments, we have demonstrated the ability of swainsonine to
decrease the lethality of both cell-cycle specific (methotrexate and fluorouracil) and non-cell
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cycle specific (cyclophosphamide and doxorubicin/adriamycin) chemotherapeutic agents (31).
However, in these earlier studies only one schedule of administration was used. A single
bolus injection (1 LDy,) of the chemotherapeutic agent was given and swainsonine was
started either one day before or on the day of administration, in the case of non-cycle specific
agents and two days after administration of the drug for cycle specific agents. In all cases,
swainsonine was given intraperitoneally for 10 consecutive days. In the present studies, we
are focusing on modeling the administration of chemotherapeutic agents to more closely
correlate with regimens used with human patients. Our initial studies have focused on
methotrexate. We have administered 2 cycles of methotrexate (1LDs, of drug/cycle) and
swainsonine, with each cycle being separated by a period of recovery. The day of initiation
of swainsonine as well as the schedule of administering for 10 consecutive days, has remained
constant. The first set of experiments, summarized in FIG 3, were designed to determine
three things: i) whether mice could in fact survive 2 cycles of chemotherapy; ii) if
swainsonine was protective; iii) and to determine the optimal recovery period. We tried 7, 10
and 14 day recovery petiods and found 10 days to be optimum. B6C3/F1 mice were divided
into 2 groups of 46 mice each for experimental groups, MTX + Saline and MTX +
Swainsonine. Control groups receiving Saline Only and Swainsonine + Saline consisted of
5-8 mice. In the experiment shown in Fig 3, mice received 1 LDy, of MTX on day 0 and
on day 2, either saline or swainsonine (20ug/day) was administered twice daily
intraperitoneally, for 10 consecutive days. Mice were then allowed a ten (10) day recovery
period before the cycle of MTX and swainsonine was repeated. At the end of cycle one 28
% (33/46) of mice receiving MTX + saline survived as compared to 80% (9/46) mice
receiving swainsonine + saline, a 3-fold increase in survival. These results were expected
and are supportive of our previously published findings (33). Most important, are our
findings of the effect of swainsonine on two (2) cycles of MTX. As can be seen, when mice
received a second cycle of MTX, the cumulative survival was 15% (39/46). Swainsonine
was able to increase the cumulative survival to 80% (37/46).

In a second set of experiments in which we gave 2-cycles of MTX, followed by
swainsonine and a 10-day recovery period, and observed similar results to those above, we
decided to administer a third cycle of MTX to the survivors, though the numbers in the
MTX treated groups were small. As can be seen in Fig 4, swainsonine was able to protect
significantly against 3 cycles of MTX chemotherapy. One (1) cycle of MTX produced only
a survival rate of 33% (15/45), as compared to 82% (37/45) for mice receiving swainsonine
+ MTX, a 2.5-fold increase in survival. Following the second cycle of MTX 91% (11/15)
of the mice surviving cycle one also survived cycle two, resulting in an overall survival rate
of 24% (11/45). Finally, after 3 cycles of MTX chemotherapy, 5/45 or 11% of the mice
survived overall, whereas 37/45 or 80% of mice receiving swainsonine + MTX were survived.
Greater than a 7-fold increase in survival following 3 cycles of MTX chemotherapy. These
data very strongly support the chemoprotective role of swainsonine following multiple cycles
of MTX. As was observed in the previously discussed 2-cycle experiment, with each
successive cycle of MTX their was a decrease in lethality of mice receiving MTX only. For
example, 33% of mice survived one cycle of swainsonine, of these survivors, 91% survived
cycle two and of cycle two survivors, 89% survived 3 cycles of MTX. These findings are
consistent with the concept of development of resistance to chemotherapy.
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Now that we have demonstrated the ability of swainsonine to protect against 3 cycles
of MTX, we are initiating studies to verify its effectiveness with adriamycin (doxorubicin)
ADR, a non-cycle specific chemotherapeutic agent. Concurrently, we are proceeding with the
MTX model and designing experiments which will allow us to determine what effect
swainsonine has on hematopoietic cells. We will obtain blood and bone marrow specimens,
at different time points as mice progress through the treatment schedule, for Complete
Blood Count (CBC) as well as peripheral blood differential analysis and to monitor stem cell
and committed progenitor cell numbers. Peripheral blood analysis will be done to monitor
neutrophil and platelet counts. This data will assist in determining whether swainsonine
affects the kinetics of appearance of different populations of progenitor cells. We have done
one preliminary blood analysis assessment and it will be discussed in the next section. Stem
cells and committed progenitor cells that are lineage committed will be assessed by the high
proliferative potential colony forming cell assay (HPP-CFU) and colony forming unit (CFU-c)
assays, respectively. It is important to the potential usefulness of swainsonine that we obtain
an understanding as to which subpopulation(s) of bone marrow cells is (are) being stimulated
by swainsonine. For example, if its chemoprotective capability is related to its ability to
recruit committed progenitors, then these progenitors will lack the self-renewal capacity of
stem cells and thus will support only short term repopulation. We will also monitor bone
marrow cellularity as a measurement of myeloproliferation.

In accordance with our earlier proposed Statement of Work we are proceeding with
studies to compare parenteral administration of swainsonine with continuous administration,
over a period of 10 days, by implantation of ALZET® osmotic pumps. This data will be
compared with the survival data of above reported experiments where swainsonine has been
administered intraperitoneally, twice daily. We have done preliminary work to ascertain our
surgical proficiency with inserting the pumps and verified the emptying of the contents of the
pumps. Initial experiments are now in progress.

Effect of swainsonine on peripheral blood cells: As discussed above, we are initiating
studies to determine whether swainsonine affects the kinetics of appearance of different
populations of progenitor cells. We have done one (1) preliminary blood analysis on day 5 of
their rest period after mice completed 2 cycles of MTX chemotherapy and prior to
commencing their third cycle of chemotherapy. Two mice each were obtained from the
control groups which received saline only or MTX + saline, three mice were tested from the
MTX + swainsonine group. Blood samples were obtained by intraorbital bleeding, a drop
placed on a slide for differential analysis and the remainder used for automatic analysis by a
System 9000 Blood Analyzer (Table II). In this initial experiment no basic differences were
observed. In the swainsoonine treated group, there was a 14% increase in polymorphonuclear
cells (PMN), however, ironically, the platelet count was greater in groups without swainsonine
(Table II). I should emphasize that these findings are very preliminary and represent only
one (1) time point. Quite likely when more definitive studies are done, significant findings
will be observed.
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Growth of MC-2 murine mammary tumor cells in mice: Although swainsonine has
been shown to be protective of hematopoietic progenitor cells in normal mice, we have
outlined in our Statement of Work the necessity for investigating its efficacy as a
hemarestorative agent in tumor bearing mice. If swainsonine is to have applicability in a
human therapy setting, then it must be able to protect hematopoietic progenitor cells from
toxicities associated with the chemotherapy agent in the presence of tumor and it must not
hinder the anti-tumor effects of the chemotherapy treatment. As a precursor to studies whose
aim is to test whether swainsonine can protect hematopoietic cells from high-dose
chemotherapy toxicity in tumor-bearing mice and to determine if the administration of
swainsonine will in anyway interfere with the anti-tumor activity of the chemotherapy agents,
it was necessary for us to determine certain growth characteristics of the tumor cells in
vivo. Previously, we had proposed using the mammary adenocarcinoma tumor cell line 16/C
but are using the mammary tumor line MC-2 instead, because of it was readily accessible
and at no cost. The three main facts which we needed to learn about these cells were: a) if
the cells would grow in mice after having been maintained in culture; b) the number of cells
it would take to produce tumors 0.5-1.0 cm in size; c) and the growth rate of these tumors.
To determine these findings, MC-2 cells were expanded in cell culture, washed and varying
numbers of cells injected subcutaneously into 8-12 week old (18-20g) female B6C3/F1 mice.
The mice were checked daily for the appearance of tumor and tumor growth. We wanted to
obtain a cell number which would produce tumors in 7-10 days that were 0.5-1.0 ¢cm in size.
We did not want larger, more agressive tumors that potentially could overload the system and
then not give a window in which to be responsive to the chemotherapeutic drug. In repeated
experiments (Table IIT) 5 x 107 cells produced tumors of desirable size. Thus this is the dose
we will use in the studies to determine the chemoprotective properties of swainsonine in
tumor bearing animals.

Recommendations:

In general, we feel that our studies are progressing on task with our Statement of
Work and our recommendations are to proceed with the Statement of Work as submitted in
the original proposal.. We have established for one chemotherapeutic agent, methotrexate,
the ability of swainsonine to protect against several cycles of chemotherapy, and have
determined the LDy, of the second, doxorubicin/adriamycin, and are ready to proceed with
studies utilizing that agent. Furthermore, we are now ready to test and compare the efficacy
of continuous administration of swainsonine, using Alzet osmotic pumps, to that which we
have obtained with parenteral administration of swainsonine. We have switched tumor
models, from the mammary adenocarcinoma 16/c to MC-2 which is also a mammary tumor.
This switch was primarily based on the availability of the latter. We have established the
ability of MC-2 to grow in mice and recommend that we proceed with establishing it in vivo
for utilization in experiments investigating the ability of swainsonine to protect from
chemotherapy associated toxicity in a tumor-bearing model. We have not achieved as much
as we had hoped relative to studies on monitoring the stem cell and progenitor cell numbers,
however the technical and personnel problems which slowed this aspect of the project have
been addressed and we are aggressively moving forward with these studies.
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CONCLUSIONS

At the end of the first year of our two-year project, we have completed many of the
baseline studies which are essential for the major undertaking which we hope to accomplish
in the final year on this project. In this first year of study, our most significant findings have
related to the evidence supporting the ability of swainsonine to protect against the toxicity of
multiple cycles of chemotherapy, specifically methotrexate. This is a very significant finding
and one which relates directly to one of the aims of these studies; that being, to demonstrate,
in a model in which chemotherapy is administered more analogous to the human, the
chemoprotective properties of swainsonine. These positive findings are another link in the
supportive chain for the clinical potential of swainsonine.
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Table I

Summary of LDs, Experiments
Methotrexate (MTX) and Adriamycine (ADRIA)

Calculated LDs, dose

MTX

ADRIA

Expt. #1:

Expt. #2:

36.8 mg/20 g

Expt. #3&4:
41.8mg/20 g

1840 mg/kg

2090 mg/kg

Mean average (n=2) :

0.72mg/20 g

0.65 mg/20 g

36 mg/kg

32.5 mg/kg

393 mg/20 gBW. 1965 mg/kg

0.685 mg/20 g B.W.

34.25 mg/kg
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Table 11

White,

Blood Analysis of Methotrexate Treated Mice

Sandra L.

Expt. WBC RBC Platelet PMN Imm Lymp Mono Eosin
Grp x 10° x 10° x 10° % PMN % | % % %
Saline 11.8+ .98 | 9.12+.31 | 1328 30.5 2.5+ .7 61+7 5+1.4 1+1.4
n=2 + 134 + 10.6

MTX 9.1+2.4 9.08+.21 | 1448+28 | 30.5 1.5+2.1 61.5 3.5+2 3+1.4
n= +13.4 +14.8

MTX + | 10.1+3.4 | 9.54+.45 | 889+39 35.3+9.7 | 2+1 57.6 1.6+.58 3.33+.57
Swainso +9.5

n=3

WBC=white blood count, RBC=red blood count, PMN=polymorphonuclear, Inm. PMN= immature
polymorphonuclear cells, Lymp=lymphocyte, mono=monocyte, eosin=eosinophil, and swainso=swainsonine,

Mice received MTX on day 0 and swainsonine (20ug/day) twice daily IP beginning on Day 2 and

continuing for 10 consecutive days. Blood samples were obtained by intraorbital bleeding on the fifth day
after swainsonine treatment ended. This was midway between the first and second cycle of chemotherapy.

(17)




White, Sandra L.

Table III

Growth of MC-2 Mammary Tumor Cells In Mice

Tumor Size (cm) 10 Days After Injections of Tumor Cells

Cells Inj *1st Day 0.1-05 0.6-1.0 1.0-2.0 2.0 - 3.0
Expt #1

1x10° 18
5x 10° 5 1/3* 2/3
1x 10’ 5 2/3 1/3
5x 107 4 1/3 2/3
1x 108 4 1/3 1/3 1/3
Expt # 2

5x 10° 6 3/6 1/6
1x 107 6 5/6 0/6
5x 107 4 3/6 2/6

* First day of tumor appearance
** number of mice with tumors/number of mice injected
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